Introduction
Arid and semiarid regions are seriously lacking in fresh water. Water shortages in these regions have become the basic norm rather than the exception. Most importantly, the situation of water shortage is growing worse due to abrupt climatic changes and continuous population growth. All of these factors will decrease the amount of water allocated to the agricultural sector, which consumes about 75% of the available water supply. Therefore, as the water supply for agronomic purposes becomes insufficient, development of new germplasms with higher yield potential becomes more imperative and it will be one of the major adaptation strategies to sustain crop productions under arid and semiarid conditions. In order to improve the germplasms for these conditions in breeding programs, it is essential to evaluate a large number of germplasms using multiple selection criteria. Several morphophysiological traits, particularly those related to crop processes, yield characteristics, and drought-tolerance mechanisms such as the water status of plants, photosynthetic efficiency, stomatal conductance, canopy temperature, accumulation of dry matter, staygreen character of leaves, harvest index, moisture stress index, and water use efficiency, are usually effective as useful complementary selection criteria for screening germplasms under different environmental conditions (Blum, 2005; Royo et al., 2005; Hura et al., 2007; Elsayed et al., 2011; Chen et al., 2012; Bürling et al., 2013) . However, direct measurements of those traits by traditional methods are destructive and time-consuming and some of them are difficult to do when a large number of genotypes need to be evaluated across different environments. For example, although the water status of plant is a well-established phenotypic trait that can be used to prevent crop water deficit through irrigation and to select the best genotypes adapted to abiotic stress, the determination of this trait by destructive methods is impractical and unaffordable when a large number of genotypes have to be evaluated (i.e. ca. 20-30 samples per hour using a Scholander pressure chamber) (Jongdee et al., 2002; El-Hendawy et al., 2005; Munjal and Dhanda, 2005; Gutierrez et al., 2010) . Thus, the main goal of recent innovative breeding strategies is to look for easy, rapid, inexpensive, and nondestructive tools to assess agronomic and physiological traits of a large number of germplasms in a relative short time.
The high-throughput phenotyping techniques possess great potential for indirect assessments of morphophysiological traits for large-scale evaluation of germplasms in a rapid and nondestructive manner (Cobb et al., 2013; Erdle et al., 2013a Erdle et al., , 2013b Araus and Cairns, 2014; Kipp et al., 2014a Kipp et al., , 2014b ). This technique is based mostly on spectral reflectance information from leaves and canopies in the visible (VIS) and near-infrared (NIR) wavelengths and uses this information to build a number of spectral reflectance indices by using simple mathematical formulas (e.g., ratios or differences in the reflectance at given wavelengths) (Araus et al., 2001) . Fortunately, several spectral reflectance indices have successively been used to estimate different morphophysiological traits such as green biomass, green leaf area, photosynthetic efficiency, plant vigor, chlorophyll content, water status of plants, and grain yield in different crops (Royo et al., 2007; Berger et al., 2010; Mistele and Schmidhalter, 2010; Cabrera-Bosquet et al., 2011; Kipp et al., 2014a Kipp et al., , 2014b . For example, significant relationships between the spectral reflectance index ((R 940 /R 960 )/NDVI) and the leaf water potential were detected in wheat and maize, with determination coefficient values ranging between 0.74 and 0.92 (Elsayed et al., 2011) . The simple water index (WI, R 970 /R 900 ) showed significant correlation with the relative water content under water-stressed conditions in Phaseolus vulgaris L. (Peñuelas et al., 1993) . Gutierrez et al. (2010) reported that the normalized water index (NWI)-3 ((R 970 -R 880 )/(R 970 + R 880 )) was successfully used to detect genotypic differences in the water status at the canopy and soil levels in contrasting wheat genotypes. Under salinity conditions, the normalized difference vegetation index (NDVI) and the spectral reflectance ratio R 780 :R 550 showed significant correlation with the fresh weight, the water content of the aboveground biomass, and the water potential of the youngest fully developed leaf in wheat (Hackl et al., 2013) . Furthermore, a number of optimized indices have been developed to better estimate various agronomic parameters such as plant biomass, plant vigor, biomass partitioning between spikes and vegetative plant parts, and final grain yield (Royo et al., 2004; Babar et al., 2006; Teal et al., 2006; Winterhalter et al., 2011; Erdle et al., 2013a Erdle et al., , 2013b Kipp et al., 2014b) .
In addition, infrared thermography and plant canopy analyzers were successfully applied as an effective noncontact, high-throughput tool to estimate genotypic variability in water status at the canopy and soil levels (Araus et al., 2008; Gutierrez et al., 2010; Pask and Reynolds, 2013; Zia et al., 2013) . These devices were developed to indirectly measure canopy temperature (CT) and leaf area index (LAI), respectively. In summary, the germplasms that exhibit lower CT will have the ability to extract water from deeper in the soil profile and exhibit a higher transpiration rate to increase adiabatic cooling (Jones, 1999; Feng et al., 2009; Mutava et al., 2011) . Furthermore, the germplasms that have the ability to cover the soil early will have the ability to reduce the amount of water lost from the ground and thus improve the water status of the plants (Pask and Reynolds, 2013) . Therefore, CT and LAI have been used as indirect indicators to evaluate a large number of germplasms for grain yield, capacity of roots to access available soil water, agronomic water use efficiency, and the water status of plants under field conditions and in many field crops.
The objective of this study was to test the ability of different spectral reflectance indices as a rapid and nondestructive high-throughput indirect tools to estimate various morphophysiological traits in a wide and diverse range of spring wheat germplasms growing under irrigation water shortage in the distinctive arid Arabian Desert conditions.
Materials and methods

Plant material
A total of 90 spring wheat germplasms, comprising 22, 34, and 30 F 4:6 and F 4:7 recombinant inbred lines from the crosses Sids 1/Sakha 61, Sids 1/Sakha 93, and Sakha 93/Sakha 61, respectively, and three parents and one drought-sensitive cultivar (Yecora Rojo) were grown under irrigation water shortage in the years 2012/2013 (F 6 ) and 2013/2014 (F 7 ). The three parents used in the crosses, Sakha 93, Sakha 61, and Sids 1, were characterized as tolerant, moderately tolerant, and sensitive to moisture stress, respectively (Abd El-Kareem and Saidy, 2011). The 90 wheat germplasms were selected to represent a range of genetic diversity.
Experimental conditions
Field experiments were conducted at the Agricultural Research Station of King Saud University (Dierab, near Riyadh; 24°25′N, 46°34′E, 400 m a.s.l.). The study area is mostly sunny and dry during the growing cycle of wheat crops. The soil texture at the experimental station is a loamy sand (82.4% sand, 9.5% silt, and 8.1% clay), low in organic matter, with a plant-available water retention capacity of about 120 mm m -1 and slightly alkaline (pH 7.9) in nature. The daily values of mean temperature, mean relative humidity, and evapotranspiration rate at the experimental station during the two growing seasons are summarized in Figure 1 .
The field experiments were designed as a randomized block design with three replications. Each germplasm was sown at 300 seeds per square meter in a six-row plot. The plot size was 4 m in length and 1.2 m in width. All essential nutrients, including N, P, and K, were adequately applied to avoid any nutrient deficit. Weeds and diseases were controlled throughout the growing season.
Only three irrigations with the base irrigation were applied during the growing cycle of the germplasms. The base, first, second, and third irrigations were applied during the seedling (ZS 15), tillering (ZS 25), heading (ZS 59), and complete emergence of florescence (ZS 69) growth stages (Zadoks et al., 1974) , with the amount of water totaling 2550 m 3 ha -1
. Irrigation was provided via the furrow method. The irrigation system had one wateremitting tube for each plot to deliver constant and equal amounts of water to each plot. The amount of water was monitored with a discharge gauge and regulated through manually operated control valves.
Spectral reflectance measurements
Canopy reflectance was measured under clear sky conditions between 1000 and 1400 hours using a portable FieldSpec spectroradiometer (Analytical Spectral Devices, Boulder, CO, USA). This instrument was capable of detecting reflectance light from 350 to 2500 nm wavelengths with a sampling interval of 1.0 nm of the spectrum. Thus, 2151 continuous bands were obtained at each measuring. Reflectance measurements were taken at a height of 50 cm above the canopy in nadir position with 25° field-of-view fiber optics at a vertical position after the spectroradiometer was calibrated using a white reference panel of barium sulfate (BaSO 4 ). Four spectral measurements were taken from four different places in each plot and the mean of four readings was used to calculate the spectral indices of each individual plot. Readings were taken at heading growth stage (ZS 59). Because there was a difference of 2 to 8 days among the tested germplasms in reaching ZS 73, the readings were taken at the middle of this range to ensure minimal influence on the readings. All possible spectral reflectance indices were evaluated within this study using different combinations of VIS/NIR wavebands as ratio and/or normalized indices, but only the best performing ones are presented in Table 1 .
Morphophysiological measurements
Five plants from each replicated germplasm set were taken almost synchronously with the spectral measurements to determine the number of green leaves per plant (GLN), the leaf area of green leaves per plant (GLA), and the total dry weight per plant (TDW). The GLN included all leaves of a plant, excluding leaves that were completely brown. The GLA was measured as the maximum width × maximum length × 0.75 for green leaves (Francis et al., 1969) . The TDW was obtained from the weight of oven-dried (80 °C for 72 h) plant material.
The LAI, CT, and relative water content were also measured immediately following the spectral Plant Canopy Analyzer (LI-COR Inc., Lincoln, NE, USA) using the method of Hicks and Lascano (1995) . The CT was measured using thermal infrared imaging (Therma CAM SC 3000 infrared camera, FLIR Systems, Wilsonville, OR, USA) with a wavelength range of 8-9 µm, 320 × 240 pixels, 45° × 34° lens of field view, and built-in 20° lens. The camera was held at a height approximately 1.0 m above the top of the ear and the CT analysis of the infrared images was performed using FLIR Quick Report 1.2 SP1 (FLIR Systems). The relative water content was determined on flag leaves by taking 7-10 cm 2 from four flag leaves and immediately determining the fresh weight (FW). The leaf samples were then rehydrated in deionized water at 25 °C until they were fully turgid and then blotted dry, and the turgid weight (TW) was determined. Finally, the leaf samples were dried at 80 °C in an oven until no further change in dry weight (DW) was observed. The relative water content was calculated using the following equation:
After physiological maturity, the total grain yield per hectare was determined by harvesting and threshing an area of 3 internal rows, each 3 m in length (1.8 m 2 in total area), from each plot. The grain yield was adjusted to a water content of 15.5%.
Data analysis
Data were analyzed using SPSS 21.0 (SPSS Inc., 2012). Broad sense heritability (H 2 ) was estimated for each trait individually using means of each germplasm across two years as H 2 = σ Genetic correlations were estimated by combining two years as the ratio of the genetic covariance between two traits and the square root of the product between genetic variance of the two traits. The formula used to estimate genetic correlation was: Path analysis was used to measure both the direct and indirect effects of traits. Path coefficient analysis was performed based on logical relationships between morphophysiological traits and spectral indices and taking morphophysiological traits as a dependent characteristic and the spectral indices as causal. Multiple linear regression analyses were conducted with SPSS 21.0.
Results
Genotypic variability and response of traits to water shortage
ANOVA analysis revealed significant variation among wheat germplasms for all morphophysiological traits and spectral reflectance indices except NWI-1, NWI-2, and the R 1000 /R 1100 ratio (Tables 2 and 3 ). Genotypic variation was significant for traits at P = 0.05 or higher (Table 3) . The results also display a wide range between the minimum and maximum values for all traits. For instance, the values of GLN ranged from 4.9 to 18.1, GLA from 73.8 to 433.8 cm 2 , TDW from 4.1 to 11.1 g, grain yield per hectare (GY) from 2.14 to 7.56 t ha -1 , leaf water content (LWC) from 61.9% to 80.6%; LAI from 0.99 to 3.57, CT from 27.1 to 35.7 °C, NWI-1 from -0.038 to -0.005, NWI-2 from -0.040 to 0.000, NWI-3 from -0.045 to -0.005, NWI-4 from -0.039 to -0.013, R 1000 /R 1100 from 0.938 to 1.024, R 940 / R 960 from 1.002 to 1.089, water band index (WBI) from 1.002 to 1.117, NDVI from 0.406 to 0.838, R 940 /R 960 :NDVI from 1.233 to 2.473, and WBI:NDVI from 1.263 to 2.475. ), GY; leaf water content (%), LWC; leaf area index, LAI; canopy temperature (°C), CT; normalized water index 1, NWI-1; normalized water index 2, NWI-2; normalized water index 3, NWI-3; normalized water index 4, NWI-4; water band index, WBI; normalized difference vegetation index, NDVI. **,***: Significant at the 0.01 and 0.001 probability levels, respectively.
Broad-sense heritability of the investigated traits
The broad-sense heritability for all traits was estimated by genetic and phenotypic variances using means of each germplasm across two years (Table 3) . Morphophysiological traits showing high heritability included GLN, GLA, and LAI, ranging from 0.84 to 0.87. Moderate heritability was observed for TDW, GY, LWC, and CT, ranging from 0.62 to 0.67 (Table 3 ). The estimation of broad-sense heritability of NWI-3 (0.83) was high as indicated in the traits of GLN, GLA, and LAI, while that of NWI-4, WBI, and NDVI was moderate as reflected in the traits of TDW, GY, LWC, and CT (Table 3 ). The spectral reflectance indices showing low heritability included R 940 /R 960 , R 940 /R 960 :NDVI, and WBI:NDVI, while NWI-1, NWI-2, and R 1000 /R 1100 showed no heritability (Table 3) .
Genetic correlation analysis
Genetic correlation analysis indicated that the spectral reflectance indices (WBI, NDVI, WBI/NDVI, and (R 940 / R 960 )/NDVI) provided higher genetic correlations with all morphophysiological traits. Regarding the NWIs, NWI-3 and NWI-4 showed better genetic correlations with morphophysiological traits compared to NWI-1 and NWI-2. LAI showed better genetic correlations with morphophysiological traits than CT. The same spectral reflectance indices that showed significant genetic correlations with destructive morphophysiological traits also provided higher genetic correlations with LAI. R 940 / R 960 failed to show a significant genetic correlation with the destructive morphophysiological traits, but its genetic correlation with LAI was significant (Table 4) .
Direct and indirect effects of spectral reflectance indices on morphophysiological traits
The simple correlation coefficients were partitioned into direct and indirect effects using path analysis. As can be seen from Table 5 , (R 940 /R 960 )/NDVI and WBI/NDVI are the two spectral reflectance indices indicating the highest positive or negative direct effect on all morphophysiological traits with the exception of TDW. The NDVI was the single index most strongly influencing TDW, followed by WBI/ NDVI and LAI. Though the direct effect of the four NWIs (NWI-1, NWI-2, NWI-3, and NWI-4) and R 1000 /R 1100 on all morphophysiological traits was negligible or much weaker, they exerted a relatively strong indirect effect on all morphophysiological traits. LAI exerted a greater direct effect on all destructive morphophysiological traits than CT; the opposite held true for indirect effect (Table 5) . *: Significant at P < 0.05; **: significant at P < 0.01; ***: significant at P < 0.001; ns: nonsignificant.
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The codes for the traits are presented in Table 2 . Table 2 .
Functional relationship between morphophysiological traits and spectral reflectance indices
Based on R 2 , the best functional relationship between morphophysiological traits and the spectral reflectance indices was established through regression analysis ( Figures  2A-2E and 3A-3E) . NWI-1, NWI-2, and the 940/960 index were weakly related to all morphophysiological traits. The best spectral reflectance indices for detecting the LWC were the WBI (R 2 = 0.76), NWI-3 (R 2 = 0.68), NWI-4 (R 2 = 0.64), and NDVI (R 2 = 0.62) ( Figures 2E and 3E ), while for differentiating TDW and GY they were the NDVI (R The functional relationship between spectral reflectance indices and LAI and CT is presented in Figure 4 . In general, the LAI showed better relationships with spectral reflectance indices than CT. Among the four NWIs, NWI-3 and NWI-4 showed a better association with LAI and CT than did NWI-1 and NWI-2. WBI, NDVI, R 940 /R 960 :NDVI, and WBI:NDVI showed also better associations with LAI and CT than did R 1000 /R 1100 and R 940 /R 960 (Figure 4 ).
Forward multiple linear regression analyses
Data presented in Table 6 show the partial and cumulative R 2 values as well as the probability of the accepted spectral reflectance indices predicting each morphophysiological trait. The results indicated that WBI, NWI-3, R 1000 /R 1100 , WBI/NDVI, R 940 /R 960 , (R 940 /R 960 )/NDVI, and NWI-4 explained 75.7%, 7.6%, 2.1%, 1.8%, 1.1%, 0.8%, and 0.7% of the total variation in LWC, respectively. NDVI and LAI explained together 55.1% and 74.0% of the total variation in GLN and TDW, respectively. LAI, R 940 /R 960 :NDVI, CT, and NWI-2 explained 88.8%, 2.6%, 0.7%, and 0.4% of the total variation in GY (Table 6 ). For LAI and CT, the NDVI explained 63.4% and 39.0% of the total variation, respectively (Table 6 ).
Discussion
It can be observed from Figure 1 that with the exception of the first 21 days after sowing the daily average temperature and humidity as well as daily reference evapotranspiration rate were similar in both growing seasons. Between 91 and 111 days from sowing, daily mean air temperature and daily reference evapotranspiration exceeded 25 °C and 10.0 mm day -1 , respectively, with low relative humidity. This is enough to limit yield potential during fertilization and grain-filling stages, especially under irrigation water shortage. Therefore, developing new cultivars with higher yield potential is of high importance to cope with irrigation water shortages under the present conditions of the arid Arabian Desert environment. In order to select wheat genotypes better adapted to these environments in plant breeding, it is essential to evaluate a large set of germplasms using different selection criteria.
The genetic variation for traits under selection and the higher heritability of these traits are necessary as guides to the breeding value and trait utility within the selection process. Therefore, the traits that are used as reliable selection criteria should have higher genetic variation and heritability. The results from heritability and genetic correlation analysis indicated that the different morphophysiological traits investigated in this study could be used as reliable selection criteria to evaluate wheat germplasms under water shortage (Tables 3 and 4) , which is in accordance with Chen et al. (2012) and Hackl et al. (2013) . However, direct measurement of these traits by classical methods is difficult and time-consuming, especially when a large number of genotypes need to be evaluated across different environments. Therefore, the main goal of this study was to accurately estimate these destructive morphophysiological traits in a rapid and nondestructive manner. Various studies have demonstrated that different morphophysiological traits can be assessed remotely and estimated simultaneously in a rapid and nondestructive manner if these traits show a significant correlation with the spectral reflectance indices that were calculated from reflectance of leaves or the whole canopy at different wavelengths (Araus et al., 2001; Royo et al., 2005; Babar et al., 2006; Mirik et al., 2007; Erdle et al., 2013a Erdle et al., , 2013b Kipp et al., 2014a Kipp et al., , 2014b . In this study, we observed that some spectral reflectance indices showed strong associations with the destructive morphophysiological traits investigated in this study. Furthermore, some spectral reflectance indices had relatively high to moderate heritability (Table 3) . High genotypic correlations between all destructive morphophysiological traits and some spectral reflectance indices such as R 1000 /R 1100 , WBI, NDVI, WBI/NDVI, and R 940 /R 960 /NDVI were also observed. Among the four NWIs used in the current study, NWI-3 and NWI-4 were better genetically correlated with destructive morphophysiological traits compared to NWI-1 and NWI-2 (Table 4 ). These results indicate that several spectral reflectance indices examined in this study can be used as indirect selection criteria to predict different morphophysiological traits of a large number of germplasms in a rapid, low-cost, and nondestructive manner.
Water status of plants is commonly used in plant breeding as a useful selection criterion for evaluating different germplasms under different environmental stresses (Chaves et al., 2002; Munjal and Dhanda, 2005) . The spectral reflectance indices examined in this study demonstrated that strong relationships existed between the LWC and WBI (R 2 = 0.76), NWI-3 (R 2 = 0.68), NWI-4 (R 2 = 0.64), NDVI (R 2 = 0.62), R 1000 /R 1100 (R 2 = 0.57), and WBI/NDVI (R 2 = 0.57) (Figures 2E and Figure 3E ). The results of direct and indirect effects also show that the WBI/NDVI index had the highest positive direct effect (3.818) and negative indirect effect (-4.520) on LWC, while the (R 940 /R 960 )/NDVI index possessed the highest negative direct effect (-4.097) and positive indirect effect (3.348) on LWC. NWI-3 and NWI-4 showed more negative direct and indirect effects on LWC than NWI-1 and NWI-2 (Table 5 ). In addition, the WBI alone explained 75.7% of the total variation in LWC, and it explained 87.3% when it was combined with NWI-3, R 1000 /R 1100 , and WBI/NDVI (Table 6 ). These results indicate that the spectral reflectance indices based on visible, near, and far infrared regions were associated with LWC in wheat under moisture stress conditions. These results generally agree with the findings obtained by Gutierrez et al. (2010) in different wheat genotypes; they found strong associations between certain WBIs such as NWI-3 and the relative water content of flag leaves. Peñuelas et al. (1993) and Peñuelas and Inoue (1999) also found that the spectral reflectance indexes WBI and WBI/NDVI showed strong correlation with relative water content in a variety of crops. Winterhalter et al. (2011) also identified better relationships to the water status of different maize genotypes under moisture stress in the VIS/NIR range. Elsayed et al. (2011) reported that it is advantageous to combine information from both the Table 2. visible and infrared regions (as WBI/NDVI and (R 940 / R 960 )/NDVI) to measure the water status of wheat crops such as the leaf water potential. The same authors reported that the spectral reflectance index NDVI was successfully used to describe the leaf water potential in wheat. NWI-3, examined in this study, has also been widely associated with diverse water relation parameters in a variety of crops in other studies (Sim and Gamon, 2003; Prasad et al., 2007) . The association between plant water status parameters and the NWIs, WBI, and NDVI is based on the hypothesis that the NIR wavelengths (970 nm) penetrate deeper into the canopy and therefore accurately estimate the water content (Babar et al., 2006; Gutierrez et al., 2010) . A common response of water-stressed plants is accelerated leaf senescence, particularly around anthesis and throughout grain filling, which reduces the photosynthetic capacity of plant (Royo et al., 2004; Lopes and Reynolds, 2012; Kipp et al., 2014a) . Thus, GLN and GLA were determined in this study as potential complementary selection criteria for evaluating germplasm under water shortage because both traits determine the ability of plants to intercept light and convert it into biomass and can also represent the ability of genotypes to extract a small amount of extra soil moisture from deep soil profiles (Lopes and Reynolds, 2012) . Using spectral reflectance measurements, the NDVI was well related to GLN and GLA, followed by WBI/NDVI, (R 940 /R 960 )/NDVI, and WBI ( Figures 3A and Figure 3B ). There were also significant genotypic correlations between them, with genotypic correlation values ranging from 0.64 to 0.76 (Table 4 ). In addition, the same abovementioned indices also showed a strong association with TDW and GY (Figures 3C and Figure 3D ). Furthermore, the NDVI alone explained 70.4% and 46.3% of the total variation in TDW and GLA, respectively (Table 5 ). All of these results indicate that the spectral reflectance indices, which have been successfully used to detect LWC in this study, and the used ratios and/ or indices of VIS and NIR wavelengths like the NDVI and WBI as well as the WBI/NDVI and (R 940 /R 960 )/NDVI, showed good potential to detect differences in green biomass, GLA, and grain yield effectively. Because most reflectance indices estimating the water status of plants successfully explain the variations in total biomass and grain yield, canopy water content plays a very useful role in estimating growth and yield of wheat genotypes under water shortage conditions. Previous studies have shown that various spectral indices are suitable for detecting the variation in plant water status as well as growth and yield in various crops (El-Shikha et al., 2007; Prasad et al., 2007; Mistele and Schmidhalter, 2010; Elsayed et al. 2011 ). For instance, Elsayed et al. (2011) reported that the NDVI was a powerful and frequently used reflectance index to describe the leaf water potential and green biomass simultaneously. In a study conducted with 25 bread wheat genotypes, NDVI explained around 40% of the variability found in biomass (Reynolds et al., 1999) .
Measurements of LAI and CT both provide indirect indicators for various morphophysiological traits such as the water status of plants, the capacity of roots to access available soil water, and the main limitations of photosynthesis, growth, and production under water shortage conditions (El-Hendawy et al., 2005; Pask and Reynolds, 2013) . Therefore, both parameters could be used to detect destructively ascertained morphophysiological traits in a rapid, low-cost, and nondestructive manner (Jin et al., 2013) . The results of this study showed that LAI and CT had high and medium heritability, respectively (Table 3 ). In addition, LAI also provided higher genetic correlations, as shown in Table 4 , and had positive direct effects on morphophysiological traits compared to CT (Table 5) . Furthermore, LAI alone explained 88.8% and 49.7% of the total variation in GY and GLN, respectively ( Table 6 ). All of these results indicate that the LAI could be used as reliable selection criterion to evaluate wheat germplasms under water shortage conditions. The effectiveness and reliability of this trait in evaluating the moisture stress tolerance may be related to the fact that LAI provides an indirect indicator for rapid ground cover and leaf expansion rate under moisture stress, which thus increases LAI, causing soil temperature and evaporation water losses to decrease as a result of shading of the soil surface by the crop canopy; up to 40% of the total soil water may be lost by evaporation in wheat under Mediterraneantype drought environments (Loss and Siddique, 1994; Condon et al., 2004) .
Our results also show that the LAI can be assessed remotely and estimated simultaneously when morphophysiological traits are detected. The results of this study showed that the spectral reflectance indices that had shown strong correlations with morphophysiological traits, such as the NWI-3, NWI-4, NDVI, WBI, (R 940 / R 960 )/NDVI, and WBI/NDVI, were also significantly correlated with LAI. The genetic correlations between LAI and these indices ranged from 0.75 to 0.89 (Table 4) . The results of direct effects also showed that the NDVI and (R 940 /R 960 )/NDVI had the highest positive direct effects (0.934 and 1.970) on LAI, respectively, while the WBI/NDVI possessed the highest negative direct effect (-1.314) on LAI (Table 5 ). These results indicate that the LAI could also be accurately predicted using spectral reflectance measurements. These results generally agree with the findings obtained by Scotford and Mille (2004) and Jin et al. (2013) , who reported that some spectral indices have been successfully used to detect LAI at the canopy level indirectly, without using any other direct field measurements. The NDVI was found to be significantly correlated with LAI in the studies of Aparicio et al. (2002) and Leon et al. (2003) . Most importantly, previous studies have shown that some spectral reflectance indices were only effective to discriminate between differences in canopies when the LAI of the crop ranged between 2 and 3 (Scotford and Mille, 2004; Heege et al., 2008; Mistele and Schmidhalter, 2010) . If the LAI exceeds 3, the spectral reflectance measurements are mainly obtained from upper canopy layers, while the reflectance of vegetation canopies is sensitive to soil background when the LAI is less than 2. Studies conducted in bread and durum wheat have demonstrated that simple ratio increases linearly with increases in LAI, while NDVI shows a curvilinear response. Furthermore, when the LAI of wheat canopies exceeds a certain level, several leaf layers of the canopy do not entail great changes in NDVI. This is because the reflectance of solar radiation from the underlying soil surface or lower leaf layers is largely attenuated due to the ground surface being completely obscured by the leaves (Serrano et al., 2000; Aparicio et al., 2002) . Aparicio et al. (2002) also concluded that NDVI becomes relatively insensitive to changes in canopy structure of durum wheat when the LAI values are higher than 3. Therefore, in this study, the curves fitted between the LAI and the NDVI, (R 940 /R 960 )/NDVI, and WBI/NDVI indicated better estimates than the linear fits (Figure 4 ). These findings indicate that it is important to integrate the values of LAI with spectral reflectance measurements when the latter are used as effective indicators to detect morphophysiological traits.
In conclusion, our results indicate that different spectral reflectance indices examined in this study have shown the potential to estimate different morphophysiological traits of a wide and diverse range of spring wheat germplasms in a rapid, low-cost, and nondestructive manner under field conditions. The spectral reflectance indices that have the potential to detect the water status of plants were also able to detect differences in green biomass, green leaf area, and grain yield effectively under water shortage conditions. The LAI can be used as an indirect selection criterion to predict most morphophysiological traits related to moisture stress tolerance in a rapid, low-cost, and nondestructive manner, and it can also accurately be predicted using spectral reflectance measurements.
